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Abstract 
Experimental investigations were undertaken for three tube lengths and 
three tube diameters in a pilot evaporator to determine the optimum tube 
dimensions for Robert evaporators. The pilot evaporator was tested at 
operating conditions typically encountered in sugar factory evaporators. 
Juice of three brix levels were selected to mimic conditions for the 1st, 3rd 
and 5th effect in a quintuple evaporator set.  For each brix, HTC was 
calculated at four juice levels, two headspace pressures and two pressure 
differences between the calandria and the head space. Of the four juice 
levels, one juice level was identified as the optimum juice level 
corresponding to the maximum heat transfer coefficient. In total, 432 tests 
were undertaken with nine tubes and 128 tests were replicated with four 
tubes. This paper highlights the maximum HTC and optimum juice level 
results from the experimental work, linked together with a capital cost 
model and sucrose loss considerations, to determine the optimum tube 
dimensions for the Robert evaporator at the 1st, 3rd and 5th effect in a 
quintuple evaporator set.   
Key words  Heat transfer coefficient, tube dimensions, optimum juice level, empirical 
model 
INTRODUCTION 
The concentration of clarified sugar juice from 15 brix to 70 brix is undertaken in 
multiple effect evaporators having due regard for energy efficiency, sucrose losses due 
to hydrolysis, and the capital cost of the installed heat transfer area.  The evaporator 
station is the single largest consumer of LP (low pressure) steam (typically at 200-250 
kPa abs) in the sugar factory.  
Several tubed evaporator designs are utilised in the sugar industry ranging from 
long tube (10-12 m) to short tube (1.8-2 m).  The designs are more commonly known 
across the industry as Kestner, semi-Kestner, falling film, and Robert.  The long tube 
evaporators are being used in the early evaporation stages in several overseas sugar 
industries, although Australia is almost universally using the Robert design throughout 
the set.  The tubes in the Robert evaporators are typically 2 m long, 44.45 mm outside 
diameter and 304 stainless steel.  The main advantages of the Robert design (Watson, 
1987) are acceptably high heat transfer efficiency, low maintenance costs, long service 
live, ease of cleaning including chemical and mechanical/hydraulic cleaning, and the 
robust control of these units due to the buffer volume of juice held in the base of the 
  
vessel.  Capital costs per unit heating surface area (HSA) are likely to be greater for 
Robert evaporators than for the long tube designs. 
Processing conditions and/or evaporator designs that achieve a higher overall heat 
transfer coefficient (HTC) allow reductions in the HSA, required to achieve the same 
rate of evaporation, or achieve higher juice processing rates for the installed areas, or 
extend the period of operation between cleans. An important benefit of increased HTCs 
is the ability to achieve the required rate of evaporation with a smaller temperature 
difference. This benefit is of particular interest to factories seeking to reduce their 
process steam consumption and fuel usage (Moller et al., 2003; Rose et al., 2009). 
The HTC of Robert evaporators depends on factors related to liquid properties 
and processing conditions (Broadfoot and Dunn, 2007; Guo et al., 1983). According to 
literature and industry experience, juice concentration and liquid level (% tube height) 
have the largest impact on HTC. In rising film evaporators such as Robert evaporators, 
previous studies have confirmed that an optimum liquid level within the calandria tubes 
exists for given processing conditions which corresponds to the maximum HTC, 
(HTCmax) (Guo, et al., 1983; Shah and Peacock, 2013; Watson, 1986). Operating the 
evaporator above or below the optimum level results in reduced heat transfer 
performance. Although an optimum level is known to exist, the exact position of the 
optimum level depends on processing conditions during evaporation.   
The effect of tube dimensions on HTC has been investigated previously (Hugot 
and Jenkins, 1986; Peacock, 2001). Many researchers have postulated that tube 
dimensions should be selected based on the effect position in a multiple effect set.  
This paper presents the results from the experimental investigations using a pilot 
Robert evaporator to determine the tube dimensions that provide the HTCmax for 1st, 3rd 
and 5th effect positions in a quintuple set, and the optimum juice level corresponding to 
the HTCmax. The capital cost model presented by Thaval and Broadfoot (2014) has been 
further updated to provide estimates of the cost of installation of the vessel. The results 
of the study are presented to determine the optimum tube dimensions based on 
considerations of heat transfer performance, capital costs and operational costs such as 
associated with sucrose hydrolysis, where applicable. 
EXPERIMENTAL DESIGN 
Experimental equipment  
A single tube evaporator rig was designed and manufactured with details 
provided in Figure 1. The four main components are the juice tank located below the 
heating tube, the heating tube, the steam chest and the headspace above the heating 
tube. The amount of juice held in the vessel fills the juice tank and partly fills the heating 
tube. The juice inside the tube boils and produces vapour which passes through the 
headspace of the vessel and is condensed in a plate heat exchanger.  The condensed 
vapour flows to a separator under vacuum or atmospheric pressure. The condensate 
from the separator is reheated to the boiling temperature of the juice using an immersion 
heater located in the condensate return line to the juice tank. 
  
 
Figure 1  Schematic representation of the single tube evaporator rig  
The single stainless steel tube is encased in the steam chest with steam condensing 
on the outside of the tube. The steam is distributed in the steam chest through two 20 
NB pipes which extend the full height of the steam chest. Each pipe has eight nozzles 
(3.5 mm diameter) per metre.  The condensate on the outside of the heating tube is 
collected in four gutters which are located equidistantly on the outside of the tube.  The 
condensate from each gutter is drained under gravity to individual containers located 
below the vessel.  A fifth container collects the condensate from the bottom tube plate.  
The condensate quantity is measured for each of the five containers and the collection 
rate calculated.  Non-condensable gases are removed from the steam chest through two 
pipes which are connected to the external separator vessel.  The pressure in the separator 
is regulated to suit the conditions of the test and may be operated above or below 
atmospheric pressure.   
No balance water is required to maintain a constant concentration of juice 
throughout each experiment.  Juice samples were taken at the beginning and end of each 
test run to check that the concentration of the juice had not changed substantially 
through the test.  
The boiling juice that collects above the top tube plate may fall back into the 
heating tube or pass to the juice tank via an external juice return line of 22 mm internal 
diameter. In industrial evaporators the return line (pipe) is called a downtake. 
  
Selection of experimental factors 
In multiple effect evaporation, the concentration of juice, head space pressure, 
pressure difference across the calandria and juice level change along the set.  For the 
experimental investigations, typical operating conditions were selected to correspond 
approximately to the conditions in the 1st, 3rd and 5th effect of a quintuple set.  The 
factors and levels explored in the experimental program are shown in Table 1. The 
experimental factors selected for the three evaporation stages are shown in Table 2.   
The temperature difference values nominated in Table 2 are the effective temperature 
differences, being the difference in temperature between the vapour in the steam chest 
and the saturation temperature of the vapour in the head space, minus the estimate of 
the boiling point elevation for the juice.  The estimate of boiling point elevation, BPE, 
was made using the following correlation (function of brix, Bx and temperature, T): 
ܤܲܧ ൌ ሺ்ାଶ଻ଷ.ଶሻమ
ቆሺభబబశమళయ.మሻమಳ಴ ାሺଵ଴଴ି்ሻቇ
  (Equ. 1) 
ܤܥ ൌ െ0.138 ൅ 2.23 ஻௫ሺଵ଴଴ି஻௫ሻ ൅ 0.119 ቀ
஻௫
ଵ଴଴ି஻௫ቁ
ଶ
  (Equ. 2) 
Table 1 – Factors and levels investigated in the experimental program 
Factor Levels Symbol 
Tube length (TL, m) 3 2, 3, 4 
Tube diameter (TD, mm) 3 38.1, 44.45, 50.8 
Brix (measured by refractometer) 3 20, 35, 70 
Liquid level, (JL,% tube height) 4 JL1, JL2, JL3, JL4 
Head space pressure (HS, kPa abs) 2 HS1, HS2 
Pressure difference (ΔP, kPa) 2 DP1, DP2 
 
Table 2 – Values of factors explored for the three evaporation stages  
Factor 1st effect 3rd effect 5th effect 
Juice brix 20 35 70 
Juice level (% tube height) 20, 30, 40, 
50 
20, 35, 45, 
60 
30, 45, 55, 
70 
Head space pressure (HS, kPa 
abs) 
149, 126 94, 72 29, 22 
Pressure difference (ΔP, kPa) 33, 45 35, 50 42, 60 
Temperature difference (°C) 5.6, 6.5, 
7.7, 8.7 
7.9, 9.8, 
11.2, 13.5 
17.2, 20.9, 
23.3, 27.4 
 
In total nine tubes of different dimensions (comprising three diameters and three 
lengths) were evaluated.  Table 3 presents the code given to the nine tubes. In future 
reference to the tubes, the code is used.  The tube M2 (outside diameter 44.45 mm and 
length 2.0 m) has been traditionally used in Australian sugar factories, at all effect 
stages. 
  
Table 3 – Code for the tube dimensions 
Tube 
length (m) 
Tube OD 
(mm) 
Code 
2 38.10 S2 
 44.45 M2 
 50.80 L2 
3 38.10 S3 
 44.45 M3 
 50.80 L3 
4 38.10 S4 
 44.45 M4 
 50.80 L4 
 
Design of experiments 
For each test the condensate rate from each gutter and the bottom tube plate was 
measured for a period of ~15 minutes when the conditions were steady.  The summed 
condensate rate for the four gutters was used to calculate the overall heat transfer for 
the test conditions.  The variations in condensate rate for the different sections of tube 
which provide information on the boiling mechanism inside the tubes are not discussed 
in this paper.   
Since the process factors were at different levels as shown in Table 1, a full 
factorial experiment design was conducted. Because of the large amount of work 
required to change the tubes, the experimental program was conducted in a split-split-
plot arrangement (TIBCO Spotfire, 2010) so that the tubes were changed less frequently 
than in a fully randomised experimental design.  The values for the other process factors 
were randomly selected. 
With six experimental factors at different levels, the experimental program was 
extensive and included 432 tests. These 432 tests henceforth are referred to as 
Original432. An analysis of variance (ANOVA) conducted on the Original432 tests 
concluded that, although the tests provided information on the significance of tube 
length and tube diameter individually on HTC, no information was available on the 
interaction between tube length and tube diameter.  
A replicated 2 ൈ 2 experimental design was conducted to determine the tube 
length and tube diameter interaction. To reduce the number of tests in the replicates, 
tubes of M2, S2, M3 and S3 dimensions at juice concentrations of 20 and 70 brix were 
selected. Juice levels, headspace pressure and pressure difference factors were kept the 
same as for the Original432 tests. A total of 128 tests were conducted in the replicates. 
These 128 tests henceforth are referred to as Replicate128.    
RESULTS 
Selection of optimum tube dimensions based on HTCmax results 
The results from the experimental program were analysed in two data sets. Figure 
2 shows the HTC vs juice level plots for M2 tube dimension from the Original432 and 
  
Replicate128 data sets for the four processing conditions for juice at 20 brix. The 
general pattern shows that the HTC increases as juice level increases, reaching the 
optimum juice level corresponding to HTCmax. An increase in juice level above the 
optimum level causes a drop in HTC. It is evident from Figure 2 that there is a strong 
influence of juice level below the optimum. For the test undertaken with the smallest 
temperature difference the effect of juice level is less consistent. Importantly, the same 
pattern of results was achieved in the replicate tests.  In general, the replicate 128 tests 
showed similar results to the original tests at the corresponding conditions, thus 
increasing the confidence in the data obtained in the experimental program. 
Original
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Figure 2 – HTC vs juice level plots for M2 tube dimension for tests with 20 brix 
Figure 3 shows the average optimum juice level corresponding to HTCmax for the 
nine tube dimensions at the three juice brix values.  Each data point is the average of 
the HTCmax at the four ∆T values corresponding to the two head space pressures and 
the two pressure differences.  In general, the optimum juice level is greater for higher 
juice brix. Similar observations have been reported in the literature (Broadfoot and 
Dunn, 2007).  The one exception to this observation is for M2 at 20 brix.  The optimum 
juice level for this condition is lower than expected and no explanation is provided. 
  
 
Figure 3 – Optimum juice level for juice at 20, 35 and 70 brix  
The HTCmax results for the nine tube dimensions for Brix-20, Brix-35 and Brix-
70 are shown in Figure 4. Each data value shown in Figure 4 is the average of the 
HTCmax values for two head space pressures and two pressure differences, i.e., the 
average of the four ∆T values for the tests at the nominated juice brix.  This figure 
therefore shows which tubes provide good and poor heat transfer performance for the 
typical conditions for the 1st, 3rd and 5th effect positions in a quintuple set.   
It is noted from Figure 4 that the tube that Australian mills traditionally use 
through all stages of evaporation viz., M2, is shown from the experimental data to 
provide good heat transfer performance for the 1st, 3rd and 5th effect positions. 
  
 
 
Figure 4 – HTCmax results for the nine tube dimensions for juice at 20, 35 and 70 
brix  
Table 4 shows those tube dimensions which provided good heat transfer 
performance for each effect position.  The average HTCmax value for each case is also 
shown in Table 4, as is the ratio of HTCmax to the HTCmax value for M2. 
Examination of the data in Table 4 shows that for the 1st effect M2 and S2 have 
the highest HTCmax, for the 3rd effect M3 and M4 have the highest HTCmax and for the 
5th effect M2 and L2 have similar HTCmax values.  Each of the tubes shown in Table 4 
is considered appropriate to achieve good heat transfer performance at the nominated 
processing conditions. 
Table 4 – Favoured tubes based on HTCmax for 1st, 3rd and 5th effect positions 
Effect 
number 
Tube with good heat 
transfer performance 
Average HTCmax 
value (W/m2.K) 
Ratio of HTCmax 
to HTCmax for M2 
1 M2 4660 1.00 
S2 4740 1.02 
M3 4240 0.91 
S3 3990 0.86 
S4 4140 0.89 
3 M2 2620 1.00 
M3 3030 1.16 
S3 2800 1.07 
M4 2950 1.13 
  
5 M2 650 1.00 
L2 640 0.98 
 
Installation costs of evaporators comprising tubes of different dimensions 
Thaval and Broadfoot (2014) presented a cost model to determine the relative 
cost of constructing and installing Robert evaporators with the same HSA but with 
different tube dimensions. The model has since been updated to incorporate the 
insulation and foundations costs.  
The cost data presented by Thaval and Broadfoot (2014) showed that evaporators 
with M2 tubes are among the most expensive to install.  Substantial cost savings are 
likely with smaller diameter and longer tubes compared with an evaporator of the same 
HSA and M2 tubes.  The main advantages from the cost point of view from installing 
evaporators with smaller diameter and longer tubes are: 
 Smaller diameter vessel (and smaller footprint). 
 Reduced labour costs as the number of tubes is less. 
 Reduced structural costs as the mass on the foundations is less. 
Another potentially important benefit of using smaller diameter, longer tubes is 
the reduced juice volume held in the evaporator for a given HSA.  Reduced residence 
times for juice may result in reduced sucrose hydrolysis, depending on the processing 
conditions. 
The cost model is used to determine the installation costs of each of the 
evaporators in Table 4.  In order to account for the differences in heat transfer 
performance as defined by HTCmax the areas of the vessels are selected so that HTCmax 
x HSA is constant for a nominated HSA for a M2 evaporator.  The cost analysis was 
undertaken for evaporators of 2000 m2 and 5000 m2 comprising M2 tubes.  The basis 
of costs for labour, materials, design etc are given in Thaval and Broadfoot (2014).   
Table 5 and Table 6 provide details of the evaporators which provide equivalent 
heat transfer performance to 2000 m2 and 5000 m2 evaporators with M2 tubes. These 
tables also show the estimated installed costs for the different evaporators. The juice 
level in tubes is the optimum level determined from the experimental investigations. 
The optimum juice level affects the juice level intensity (juice volume per m2 of HSA). 
The data in Table 5 and Table 6 show that the diameter of the vessel is reduced 
by ~18% and the mass on foundations reduced by ~20% when S3 tube dimensions are 
used compared to the conventional tube dimensions, M2. The juice level intensity is 
reduced by ~40% with S3 tube dimensions. These reductions are even greater when S4 
tube dimensions are used. 
Table 5 – Details of the evaporator vessels with the favoured tube dimensions to 
equate to the heat transfer performance of a 2000 m2 HSA M2 evaporator 
 
  
Effect Code Area 
(m2)   
No. 
of 
tubes
Vessel 
ID 
(m) 
Juice 
level in 
tubes 
Design 
vessel 
weight 
(t) 
Juice 
intensity, 
(L/m2) 
 
Total 
cost (M 
AUD) 
1 M2 2000 7590 5.78 35% 322 9.27 1.28 
S2 1960 8770 5.34 33% 278 7.56 1.21 
M3 2200 5574 5.02 35% 279 7.34 1.21 
S3 2330 6986 4.80 30% 259 5.76 1.23 
S4 2250 5024 4.15 28% 221 4.71 1.14 
3 M2 2000 7590 5.78 56% 322 11.65 1.28 
M3 1720 4354 4.49 60% 225 10.07 1.03 
S3 1870 5578 4.35 50% 214 7.58 1.05 
M4 1770 3374 4.01 47% 205 7.72 1.01 
5 M2 2000 7590 5.78 40% 322 9.83 1.28 
L2 2040 6718 6.20 70% 366 15.24 1.37 
 
 
Table 6 – Details of the evaporator vessels with the favoured tube dimensions to 
equate to the heat transfer performance of a 5000 m2 HSA M2 evaporator 
Effect Code Area 
(m2)  
No. 
of 
tubes 
Vessel 
ID 
(m) 
Juice 
level in 
tubes 
Design 
vessel 
weight 
(t) 
Juice 
intensity 
(L/m2) 
 
Total 
cost (M 
AUD) 
1 M2 5000 18986 8.89 35% 762 10.35 2.58 
S2 4900 21900 8.20 33% 652 8.40 2.46 
M3 5490 13890 7.67 35% 642 7.91 2.39 
S3 5810 17304 7.32 30% 593 6.20 2.44 
S4 5620 12576 6.31 28% 496 4.99 2.22 
3 M2 5000 18986 8.89 56% 762 12.73 2.58 
M3 4310 10920 6.85 60% 512 10.53 1.99 
S3 4670 13924 6.62 50% 485 7.98 2.06 
M4 4420 8432 6.06 47% 453 7.96 1.89 
5 M2 5000 18986 8.89 40% 762 10.91 2.58 
L2 5100 16814 9.55 70% 874 16.59 2.80 
 
Selection of the optimum tube dimensions 
Many factors are considered by factory management in selecting the appropriate 
tube dimensions including heat transfer performance, installed cost, access to site for 
installing the evaporator (crane hire etc), availability of replacement tubes, potential 
sucrose degradation and perceived risk in departing from previously used tube 
dimensions.  If the assessment is based largely on installed cost, given appropriate heat 
transfer is achieved and the other factors are acceptable, then the data in Table 5 and 
Table 6 indicate that S4, M4 and M2 are preferred for the 1st effect, 3rd effect and 5th 
effect respectively.  This result applies to both the 2000 m2 and 5000 m2 vessels. 
Discussions with Australian factory staff indicate that there is stronger interest in 
using 3 m long tubes rather than 4 m long tubes in future installations of Robert 
  
evaporators.  The industry already has a few Robert evaporators with 38 mm diameter 
tubes (Watson, 1986).  Table 7 shows the cost savings in using S3 and M3 tubes in 1st 
and 3rd effect positions relative to using evaporators with M2 tubes.  For the 5th effect, 
the M2 tube dimension is preferred based on both the HTC and capital costs. 
The cost savings for the S3 and M3 tubes relative to the M2 tubes are substantially 
greater for the 3rd effect than for the 1st effect because the heat transfer performance of 
S3 and M3 tubes in the 3rd effect is better than the M2 tubes.  For the 1st effect the S3 
and M3 tubes provide slightly inferior heat transfer performance than the M2 tubes but 
overall the savings on installation costs of the S3 and M3 tubes outweigh the influence 
of slightly inferior heat transfer.  The cost savings from using S3 tubes instead of M2 
tubes are ~5% for the 1st effect and ~20% for the 3rd effect.  As expected the cost savings 
are greater for the evaporator of larger HSA. 
 
Table 7 – Estimate of cost savings from using S3 and M3 tubes in Robert 
evaporators at the 1st effect and 3rd effect instead of using an evaporator with M2 
tubes 
Tube dimensions Saving in installed cost relative to 
cost of M2 evaporator (AUD) 
1st effect 3rd effect 
2000 m2 HSA 
S3 48,000 222,000 
M3 61,000 245,000 
5000 m2 HSA 
S3 139,000 519,000 
M3 188,000 591,000 
 
Implications of tube dimensions on sucrose degradation during juice evaporation 
The extent of sucrose degradation that occurs in the juice evaporation process is 
a function of the juice conditions (pH, temperature and brix) and the residence time. 
The evaporation conditions that are likely to experience large sucrose losses are where 
high levels of steam economy are sought, e.g., where extensive vapour bleeding is 
undertaken and where the process steam pressure is high. A number of studies have 
shown that under these conditions the majority of sucrose degradation that occurs 
during evaporation is in the first evaporation stage (Purchase et al., 1987; Schaffler et 
al., 1985).  Sucrose losses should be low (<0.1% of sucrose in clarified juice) when 
minimal vapour bleeding is undertaken and the process steam pressure is 200 kPa abs 
or lower. 
As noted in Table 5 and Table 6, Robert evaporators with different tube 
dimensions have markedly different juice hold up volumes per m2 of HSA (juice 
intensity).  Evaporator vessels with lower juice intensities will provide shorter residence 
times for the juice and hence experience reduced sucrose loss through hydrolysis. 
Using the correlation developed by Vukov (1965), the sucrose loss in a 1st effect 
evaporator has been calculated for evaporators with the favoured tube dimensions, 
based on the heat transfer performance being equivalent to that of a 5000 m2 M2 
evaporator.  The results and the assumed processing conditions are shown in Table 8.  
  
For the assumed conditions the vapour loading would be 24 kg/h per m2 of HSA.   The 
average juice residence time in each evaporator is calculated for operation at the 
optimum juice level (see Table 6).  In all cases, due to the smaller juice holdup volume 
than for a M2 evaporator the calculated sucrose loss is less than for the M2 evaporator. 
Table 8 also shows the estimated increase in annual revenue that would be 
expected for an Australian factory utilising a 5000 m2 evaporator at the 1st effect in an 
energy efficient plant.  It is assumed that the cane/sugar mass ratio is 7 (typical of 
several factories in Australia), the annual crop is 1.3 million t of cane, sugar price AUD 
400 per t, molasses price AUD 120 per t, and final molasses is of 45 purity and 78 dry 
substance.  The value of the discounted increase in revenue (using a discount rate of 
15%) from reduced sucrose losses relative to using a M2 evaporator are also shown in 
Table 8. 
These results demonstrate that for a factory intending to use Robert evaporators 
at the 1st effect in a situation where a large HSA is required to suit vapour bleeding 
arrangements and a high boiling temperature will be used, serious consideration should 
be given to using smaller diameter and longer tubes than M2, e.g., S3 or S4.  
Table 8 – Sucrose degradation and operating cost savings  
Process conditions for 1st effect:   
Juice inflow:  425 m3/h, 90 purity, 16 brix 
Conditions in vessel: 22 brix, 119 °C and pH 6.8 at 20 °C 
Parameter M2 S2 M3 S3 S4 
Residence time, min 10.1 8.0 8.4 7.0 5.4 
Predicted sucrose degradation 
(%) 
0.40 0.32 0.34 0.28 0.22 
Annual saving in reduced sucrose 
loss relative to the loss for a M2 
evaporator (AUD) 
 75,000 56,000 112,000 168,000 
Discounted value* over 10 years 
of increased revenue due to 
reduced sucrose loss relative to 
the loss for an M2 evaporator 
(M AUD) 
 0.45 0.34 0.67 1.01 
* Discount rate of 15% per annum 
Replacing the calandria in an existing Robert evaporator 
When an evaporator station requires upgrading to process higher clarified juice 
rates the usual procedure is to install another evaporator at the appropriate position to 
debottleneck the capacity.  However, consideration should be given to whether it may 
be feasible to replace the calandria comprising M2 tubes of an existing evaporator with 
a favoured tube being longer or of smaller diameter.  The experimental investigations 
have shown that this change could be feasible at the 1st to 3rd effect positions.  Obviously 
retrofitting a new calandria is only feasible if the remainder of the vessel body has 
adequate service life. 
  
Design calculations have been undertaken for typical 2000 m2 and 5000 m2 
Robert evaporators comprising M2 tubes (internal diameters of vessels being 5.78 and 
8.89 m respectively) being replaced with calandrias using S3 and M3 tube dimensions.  
For this retrofit the top of the vessel would be 1 m higher.  It may also be necessary to 
upgrade the de-entrainment system to accommodate the increased vapour loading.  The 
HSAs for the retrofitted evaporators are shown in Table 9. 
Retrofitting a new calandria with smaller diameter and/or longer tubes should be 
a much cheaper option than installing a new evaporator. 
Table 9 – Evaporator heating surface details for retrofit options  
Original HSA 
of M2 
evaporator 
Details of evaporator with 
S3 tubes 
Details of evaporator with 
M3 tubes 
Number of 
tubes 
HSA (m2) Number of 
tubes 
HSA (m2) 
2000 10430 3500 7590 3000 
5000 26034 8740 18986 7500 
 
CONCLUSIONS 
A single tube evaporator rig was installed at a factory to allow the heat transfer 
performance of tubes of different dimensions (three diameters and three lengths) to be 
evaluated.  One of the tubes was 44.45 mm outside diameter and 2 m length which is 
the tube which is traditionally used by Australian mills in Robert evaporators.  For each 
tube and set of processing conditions an optimum juice level which provided the 
maximum HTC was determined. 
The experimental program determined that the traditional tube provided good 
heat transfer performance across the full set of processing conditions typically found in 
a quintuple evaporation station.  However for the 1st effect position, tubes of 38.1 mm 
outside diameter and/or longer tubes (3 or 4 m length) provided comparable heat 
transfer performance to the traditional tube, and superior heat transfer performance at 
the 3rd effect position.  For the 5th effect position the traditional tube is favoured.  
A cost analysis determined that evaporator vessels with the traditional tube are 
more expensive than evaporator vessels comprising tubes of smaller diameter or greater 
length.  Thus cost savings of ~20% should be possible by using tubes such as 38.1 mm 
outside diameter and 3 m length at the 3rd effect position. 
An important benefit from using smaller diameter and longer tubes is that the 
juice volume is smaller than in an evaporator with traditional tube dimensions.  For a 
1st effect evaporator operating in a high steam efficiency scenario (typically at high 
boiling temperature and with large HSA), the smaller juice volume and shorter 
residence time would provide for reduced sucrose losses and increased revenue for the 
factory. 
  
When an increase in HSA in the 1st to 3rd effects is required in order to increase 
the juice processing capacity of the set, a financially attractive option may be to replace 
the calandria in an existing evaporator body with a calandria comprising smaller 
diameter and longer tubes.  This option should be much less expensive than installing 
a new evaporator. 
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